Two new parameters (W6H and W6V) were defined that represent brightness temperature increments for different low-frequency channels due to ocean wind. We developed a new wind speed retrieval model inside hurricanes based on W6H and W6V using brightness temperature data from AMSR-E. The AMSR-E observations of 12 category 3-5 hurricanes from 2003 to 2011 and corresponding data from the H*wind analysis system were used to develop and validate the AMSR-E wind speed retrieval model. The results show that the mean bias and the overall root-mean-square (RMS) difference of the AMSR-E retrieved wind speeds with respect to H*wind (HRD Real-time Hurricane Wind Analysis System) analysis data were −0.01 m/s and 2.66 m/s, respectively. One case study showed that W6H and W6V were less sensitive to rain than the observed AMSR-E C-band and X-band brightness temperature data. The AMSR-E retrieval model was further validated by comparing the retrieved wind speeds against stepped-frequency microwave radiometer (SFMR) measurements. The comparison showed an RMS difference of 3.41 m/s and a mean bias of 0.49 m/s.
Introduction
A tropical cyclone (TC) is a rapidly rotating storm system characterized by a low-pressure center, strong wind, and a spiral arrangement of thunderstorms. A TC always generates heavy rain, high waves, and damaging storm surges, and coastal areas are thus vulnerable to damage from a hurricane and destructive tropical storms. Therefore, it is necessary to monitor TCs and improve numerical weather forecasting to predict their growth and movement before they make landfall. There are strong requirements for measuring and collecting realistic high winds in hurricanes.
Direct observation of winds is difficult under severe weather conditions, especially in typhoon and hurricane, because buoy and ship always lose their stability in these intense storms. In recent years, monitoring of TC has been performed by a variety of remote sensing techniques. The airborne stepped-frequency microwave radiometer (SFMR), a nadir looking microwave radiometer, is state-of-the-art for measuring ocean surface winds during hurricane surveillance flights and plays a significant role in improving hurricane prediction. The first SFMR measurement for hurricane Allen was made using the National Oceanic Atmospheric Administration (NOAA) Hurricane Research Division's (HRD's) WC-130 aircraft in 1980 [1] . Since 1984, sea surface winds in hurricanes have been routinely monitored using the SFMR onboard the NOAA HRD's WP-3D aircraft [2] . Although the SFMR provides reliable estimates of sea surface wind speed, it has limited coverage capability because it can only measure along-track winds. measurements of the atmospheric and oceanic parameters for the investigation of global water and energy cycles. The AMSR-E instrument was launched on 2 May 2002, and ceased operations on 4 December 2011. Temporal coverage for the available data is from June 2002 to October 2011. The AMSR-E provides dual polarization observations (vertical and horizontal polarization) at frequencies ranging from 6.9 to 89 GHz. The integrated field of view (3-dB footprint size) is 75 × 43 km, 51 × 29 km, 27 × 16 km, 32 × 18 km, 14 × 8 km, and 7 × 4 km for 6.9, 10.65, 18.7, 23.8, 36.5, and 89.0 GHz, respectively. During a scan period of 1.5 s, the AMSR-E obtains data over a 1670-km swath. The nadir angle for the parabolic reflector is fixed at 47.4 • , which results in an Earth incidence angle of approximately 55 • .
H*Wind Analysis Data
Relatively reliable and reasonable estimates of TC wind speeds can be obtained from the H*wind analysis system [21] . This system provides an objective analysis of wind speed in TCs by assimilating all available wind measurements, such as ships, buoys, coastal platforms, surface-aviation reports, and some remote sensing data. All data are quality controlled and then processed to conform to a common framework for a 1-min sustained-wind field at a 10-m height above the sea surface [21] . Typical wind speed errors in an H*wind analysis are estimated to be 10% to 20% [22] . The wind speed errors will vary because of the quantity and quality of data that are available as well as the degree of quality control of this system. Although each wind speed analysis produced by this system may be inaccurate, the ensemble average over many collocations can minimize the error of the overall analysis. The H*wind analysis data are produced with a resolution of approximately 5 km and are available from the NOAA HRD.
Airborne SFMR Measurements
The stepped-frequency microwave radiometer (SFMR) is an airborne remote sensing instrument for measuring surface winds in TCs [2] . The SFMR observes TC at 6 frequencies, 4.55, 5.06, 5.64, 6.34, 6 .96, and 7.22 GHz, and it provides along-track wind measurements up to 70 m/s [23] . Its spatial and temporal resolutions are 1.5 km and 1 s, respectively. The previous study [23] showed that the RMS error was approximately 4 m/s between the SFMR wind speeds and the Global Positioning System (GPS) dropwindsonde measurements for wind speeds ranging from 10 to 70 m/s. The accuracy of SFMR measurements was found to degrade at weaker wind speeds, particularly in heavy precipitation [24] . A revised set of geophysical model function (GMF) coefficients for both the rain absorption and wind-induced surface emissivity model has been developed to improve this situation [24] .
Data Collections
The selected microwave TB data are derived from AMSR-E. Correspondingly, the selected surface "true" winds are derived from the H*wind analysis system, which are used to produce the collocated data sets for training and testing the wind speed retrieval model in hurricanes.
To train and test the retrieval model, we collected data from 12 category 3-5 hurricanes from 2003 to 2011. To acquire a valid collocation, we required the time of the H*wind analysis data and the average time of the AMSR-E overpass to be within three hours. A hurricane can move a considerable distance within a three-hour time window [14] . Therefore, we shifted the H*wind analysis data for each hurricane referring to the "best track" information from the National Hurricane Center so that the eye of the H*wind analysis data coincided with the eye of the AMSR-E measurements. For each AMSR-E 6.9-GHz integrated field-of-view (IFOV), we found all the selected H*wind analyses on 5 km grids insides the AMSR-E 6.9-GHz IFOV and averaged these selected data using a Gaussian weighting based on the distance to the center of the IFOV [19] . In addition, we used a scale factor of 0.88 to convert from 1-min sustained H*wind analysis data to 10-min sustained satellite winds [25] . The statistics of collocation are presented in Table 1 . 
Method
Two new brightness temperature increments (W6H and W6V) from wind speeds inside hurricanes can be defined as
where the AMSRE_6(10)P is the AMSR-E measurement for the 6(10) GHz channel at P-polarization (P = H, V) and CalmOcean_6(10)P is the ocean emission for 6(10) GHz channel under calm ocean conditions. The definition of other parameters in Equations (1) to (8) can be found in Figure 1 . The simulated brightness temperature data of group A in Figure 1a are the results under calm ocean conditions. The brightness temperature increased from O to P because of the increments of water vapor and liquid water. The brightness temperature data of group B in Figure 1a are obtained by assuming a rough ocean condition. The point O under calm ocean condition shifts to Q under a The simulated brightness temperature data of group A in Figure 1a are the results under calm ocean conditions. The brightness temperature increased from O to P because of the increments of water vapor and liquid water. The brightness temperature data of group B in Figure 1a are obtained by assuming a rough ocean condition. The point O under calm ocean condition shifts to Q under a rough ocean condition at the lowest atmospheric opacity, and point P shifts to R at the higher atmospheric opacity. In Figure 1a , the relationship between 6H and 10H is slightly nonlinear; however, we can approximate it as linear for simplicity. By calculating 6H − and 10H, we can obtain Figure 1b in which line A is approximated as a linear line passing the point O(a 1 , b 1 ) with slope c 1 . Point F in Figure 1b corresponds to an arbitrary point on line B in Figure 1a . Then, we can obtain an intersecting point E made by the two lines OP and EF in Figure 1b . The slope of line EF is sl 1 . Finally, we can obtain the parameter "W6H or W6V" (in degrees Kelvin) by the length of EF* divided by the atmospheric effect denoted by fac.
Finally, a wind speed retrieval model can be represented as
where the unknown coefficients (a 1~f1 , a 2~f2, and m 1~m9 ) in Equations (1) to (9) can be derived from the matchups.
Results and Analysis

Comparison of the Klein-Swift Model and The Ellison Model
Before estimating the model coefficients, we need to calculate the parameter 6(10)P − (P = V or H) with Equations (4) and (8) . First, it need to estimate the calm ocean microwave emissions at both 6 and 10 GHz using Equations (10) and (11)
where θ is the Earth incidence angle and ε r is the complex dielectric constant (permittivity) of sea water, which is a function of frequency, SST, and salinity. Some different permittivity models for pure water or sea water have been studied [26] [27] [28] . Two typical permittivity models were compared in calculating the calm ocean microwave emission: the Klein-Swift model [26] and the Ellison model [28] . The calculated brightness temperatures as a function of SST using the above models are displayed in channels, and the black curves are the calculation results of the Klein-Swift model. From Figure 2 , we can see that the results calculated using the Ellison model are higher than those using the Klein-Swift model. For h-pol, the calculated brightness temperature biases between the Ellison and Klein-Swift models increase with increasing SST; the biases are approximately 0.6 K (5 °C, at 6 GHz), 0.8 K (30 °C, at 6 GHz), 0.7 K (5 °C, at 10 GHz), and 1 K (30 °C, at 10 GHz). Similar results can be found at vpol channels ( Figure 2 ). As a case study, the Klein-Swift and Ellison models were used to retrieve wind speeds over some typical hurricanes using the algorithm described in Section 3. The experimental data were derived from the previous study [15] . The SSTs were derived from the Reynolds weekly analysis data [29] . As a case study, the Klein-Swift and Ellison models were used to retrieve wind speeds over some typical hurricanes using the algorithm described in Section 3. The experimental data were derived from the previous study [15] . The SSTs were derived from the Reynolds weekly analysis data [29] . . Similar results were also found in other hurricanes. Therefore, we finally selected the Klein-Swift model to calculate the calm ocean microwave emission in the wind speed retrieval model.
In practical application, SST is one of the necessary input parameters that has not been retrieved by the present algorithm. Therefore, we next accessed the influence of SST for retrieval accuracy using the above collocations.
in calculating the calm ocean microwave emission: the Klein-Swift model [26] and the Ellison model [28] . The calculated brightness temperatures as a function of SST using the above models are displayed in Figure 2 . The red curves are the calculation results of the Ellison model at different channels, and the black curves are the calculation results of the Klein-Swift model. From Figure 2 , we can see that the results calculated using the Ellison model are higher than those using the Klein-Swift model. For h-pol, the calculated brightness temperature biases between the Ellison and Klein-Swift models increase with increasing SST; the biases are approximately 0.6 K (5 °C, at 6 GHz), 0.8 K (30 °C, at 6 GHz), 0.7 K (5 °C, at 10 GHz), and 1 K (30 °C, at 10 GHz). Similar results can be found at vpol channels (Figure 2 ). As a case study, the Klein-Swift and Ellison models were used to retrieve wind speeds over some typical hurricanes using the algorithm described in Section 3. The experimental data were derived from the previous study [15] . The SSTs were derived from the Reynolds weekly analysis data [29] . figure (Figures 3 and 4) . Similar results were also found in other hurricanes. Therefore, we finally selected the Klein-Swift model to calculate the calm ocean microwave emission in the wind speed retrieval model. One of the crucial factors for TC occurrence is warm seawater, typically above 26.5 • C [30] . We thus studied sea surface temperature changes from 27 to 30 • C. The calculation results can be found in Table 2 . When SST is 29 • C, the retrieval model showed the smallest RMS difference. Figures 3c and  4c show the calculation results using the fixed SST (29 • C) for hurricanes Frances and Rita, respectively. The RMS difference using the fixed SST (29 • C) was slightly increased when compared with the calculation results using the Reynolds weekly analysis data (Figures 3b and 4b) . SST was not retrieved by the present retrieval algorithm. Therefore, we set SST as a constant (29 • C) in the wind speed retrieval model for better practical application. In practical application, SST is one of the necessary input parameters that has not been retrieved by the present algorithm. Therefore, we next accessed the influence of SST for retrieval accuracy using the above collocations.
One of the crucial factors for TC occurrence is warm seawater, typically above 26.5 °C [30] . We thus studied sea surface temperature changes from 27 to 30 °C. The calculation results can be found in Table 2 . When SST is 29 °C, the retrieval model showed the smallest RMS difference. Figures 3c  and 4c show the calculation results using the fixed SST (29 °C) for hurricanes Frances and Rita, respectively. The RMS difference using the fixed SST (29 °C) was slightly increased when compared with the calculation results using the Reynolds weekly analysis data (Figures 3b and 4b) . SST was not retrieved by the present retrieval algorithm. Therefore, we set SST as a constant (29 °C) in the wind speed retrieval model for better practical application. 
Wind Speed Retrieval and Validation for AMSR-E
The Earth incidence angles of AMSR-E at the 6 and 10 GHz channels were obviously different from those of WindSat. Therefore, we need to derive new wind speed retrieval model coefficients for the AMSR-E measurements. In this study, the AMSR-E brightness temperature data were collected at the 6 and 10 GHz v-pol and h-pol overpasses of 12 category 3-5 hurricanes between 2003 and 2011. The whole data set comprises 61,865 collocations. The collocations have been randomly divided into testing sets and validation sets. 21,865 observations are used for algorithm testing, and the other 40,000 observations are used for algorithm validation. The model coefficients in Equations (1) to (9) are listed in Table 3 . The testing and validation results are shown in Figure 5 . The mean bias and RMS difference are given in the top of each single panel. For wind speeds above 18 m/s, the mean bias and overall RMS difference of the new wind speed retrieval model for AMSR-E measurements were −0.01 m/s and 2.66 m/s, respectively. The mean bias (satellite-retrieved) was negative, which means that the AMSR-E retrieval model slightly overestimated wind speed. 
The Earth incidence angles of AMSR-E at the 6 and 10 GHz channels were obviously different from those of WindSat. Therefore, we need to derive new wind speed retrieval model coefficients for the AMSR-E measurements. In this study, the AMSR-E brightness temperature data were collected at the 6 and 10 GHz v-pol and h-pol overpasses of 12 category 3-5 hurricanes between 2003 and 2011. The whole data set comprises 61,865 collocations. The collocations have been randomly divided into testing sets and validation sets. 21,865 observations are used for algorithm testing, and the other 40,000 observations are used for algorithm validation. The model coefficients in Equations (1) to (9) are listed in Table 3 . The testing and validation results are shown in Figure 5 . The mean bias and RMS difference are given in the top of each single panel. For wind speeds above 18 m/s, the mean bias and overall RMS difference of the new wind speed retrieval model for AMSR-E measurements were −0.01 m/s and 2.66 m/s, respectively. The mean bias (satellite-retrieved) was negative, which means that the AMSR-E retrieval model slightly overestimated wind speed. In addition to the H*wind analysis data, we collected SFMR measurements to further validate the AMSR-E retrieved wind speeds, although the SFMR could only provide point observations along the aircraft flight track. A 15-km spatial window and 25-min temporal window were used to create the collocations. Finally, we obtained 1528 wind speed matchups for the selected 12 hurricanes. The collocations resulted in a mean bias of 0.49 m/s and an RMS difference of 3.41 m/s, shown in Figure 6 . Overall, the AMSR-E retrieved wind speeds were larger than those from the SFMR. In addition to the H*wind analysis data, we collected SFMR measurements to further validate the AMSR-E retrieved wind speeds, although the SFMR could only provide point observations along the aircraft flight track. A 15-km spatial window and 25-min temporal window were used to create the collocations. Finally, we obtained 1528 wind speed matchups for the selected 12 hurricanes. The collocations resulted in a mean bias of 0.49 m/s and an RMS difference of 3.41 m/s, shown in Figure 6 . Overall, the AMSR-E retrieved wind speeds were larger than those from the SFMR. In addition to the H*wind analysis data, we collected SFMR measurements to further validate the AMSR-E retrieved wind speeds, although the SFMR could only provide point observations along the aircraft flight track. A 15-km spatial window and 25-min temporal window were used to create the collocations. Finally, we obtained 1528 wind speed matchups for the selected 12 hurricanes. The collocations resulted in a mean bias of 0.49 m/s and an RMS difference of 3.41 m/s, shown in Figure 6 . Overall, the AMSR-E retrieved wind speeds were larger than those from the SFMR. Figure 7 . The hurricane Bill rain rates were derived from AMSR-E measurements by Remote Sensing Systems (http://www. remss.com/). The rain bands in Figure 7 (bottom) matched well with the distributions of the selected low-frequency channel brightness temperature data ( Figure 7 ) for regions outside of the eyewall. The corresponding brightness temperature increments of W6H are shown in Figure 8 (top) and were calculated with Equations (1) to (4) . Figure 8 (bottom) shows the calculation results of the brightness temperature increments of W6V, which were calculated with Equations (5) to (8) . Compared with the observed low-frequency brightness temperatures in Figure 7 , the two new brightness temperature increments (Figure 8 ) can reduce the influence of rain to some extent.
distributions of the selected low-frequency channel brightness temperature data (Figure 7) for regions outside of the eyewall. The corresponding brightness temperature increments of W6H are shown in Figure 8 (top) and were calculated with Equations (1) to (4) . Figure 8 (bottom) shows the calculation results of the brightness temperature increments of W6V, which were calculated with Equations (5) to (8) . Compared with the observed low-frequency brightness temperatures in Figure 7 , the two new brightness temperature increments (Figure 8 ) can reduce the influence of rain to some extent. Figure 9 shows the comparison of radiance characteristics for rain area and non-rain area over hurricane Bill on 19 August 2009, at 0512 to 0516 UTC. These results were used for quantitative analyses of rain effects on brightness temperature. Rain not only increased the observed brightness temperatures (Figure 9a ) but also increased the brightness temperature increments of W6H and W6V (Figure 9b ). The brightness temperature differences caused by rain are shown in Figure 9c . It can be seen that rain had different effects on different channels, which is obvious at higher frequencies (10 GHz). For horizontal polarization, the brightness temperature increment of W6H showed less sensitivity to rain than the observed 6 and 10 GHz h-pol brightness temperatures. Similarly, the brightness temperature increment of W6V showed the same characteristics. Therefore, the two brightness temperature increments of W6V and W6H appeared to be more suitable for retrieving wind speed than the observed low-frequency channel brightness temperatures. The same conclusion can also be made from Figures 10 and 11 . Figure 9 shows the comparison of radiance characteristics for rain area and non-rain area over hurricane Bill on 19 August 2009, at 0512 to 0516 UTC. These results were used for quantitative analyses of rain effects on brightness temperature. Rain not only increased the observed brightness temperatures (Figure 9a ) but also increased the brightness temperature increments of W6H and W6V (Figure 9b ). The brightness temperature differences caused by rain are shown in Figure 9c . It can be seen that rain had different effects on different channels, which is obvious at higher frequencies (10 GHz). For horizontal polarization, the brightness temperature increment of W6H showed less sensitivity to rain than the observed 6 and 10 GHz h-pol brightness temperatures. Similarly, the brightness temperature increment of W6V showed the same characteristics. Therefore, the two brightness temperature increments of W6V and W6H appeared to be more suitable for retrieving wind speed than the observed low-frequency channel brightness temperatures. The same conclusion can also be made from Figures 10 and 11 . Figure 9 shows the comparison of radiance characteristics for rain area and non-rain area over hurricane Bill on 19 August 2009, at 0512 to 0516 UTC. These results were used for quantitative analyses of rain effects on brightness temperature. Rain not only increased the observed brightness temperatures (Figure 9a ) but also increased the brightness temperature increments of W6H and W6V (Figure 9b ). The brightness temperature differences caused by rain are shown in Figure 9c . It can be seen that rain had different effects on different channels, which is obvious at higher frequencies (10 GHz). For horizontal polarization, the brightness temperature increment of W6H showed less sensitivity to rain than the observed 6 and 10 GHz h-pol brightness temperatures. Similarly, the brightness temperature increment of W6V showed the same characteristics. Therefore, the two brightness temperature increments of W6V and W6H appeared to be more suitable for retrieving wind speed than the observed low-frequency channel brightness temperatures. The same conclusion can also be made from Figures 10 and 11 . 
Rain Effects on Wind Retrieval
Rain is known to both attenuate and backscatter microwave signals. Brightness temperature acquired at higher frequencies (e.g., 36.5 GHz) saturates quickly and then decreases for most of the rainfall range. Brightness temperatures acquired at low frequencies, such as 6.9 and 10.7 GHz, are less sensitive to atmosphere and rain. Therefore, we could use the low-frequency channel brightness 
Rain is known to both attenuate and backscatter microwave signals. Brightness temperature acquired at higher frequencies (e.g., 36.5 GHz) saturates quickly and then decreases for most of the rainfall range. Brightness temperatures acquired at low frequencies, such as 6.9 and 10.7 GHz, are less sensitive to atmosphere and rain. Therefore, we could use the low-frequency channel brightness temperatures to retrieve wind speed under severe weather conditions, especially for typhoons and hurricanes.
As the rain rate increases, the space-borne microwave radiometer sees less and less of the radiation emitted by the surface and increasingly sees the radiation emitted by the rainy atmosphere. Therefore, it is very difficult to accurately model the brightness temperature in rainy atmospheres, especially given the high variability of rainy atmospheres. The brightness temperatures depend on cloud type and the distribution of rain within the footprint [31] . Therefore, the full Mie absorption theory needs to be applied when calculating the atmospheric radiative transfer equation. This requires additional input information such as the form and size of rain drops; however, these parameters are not readily available. In addition to these effects, there is a "splashing" effect. Rain changes the sea surface roughness in a complicated manner. Therefore, the statistical algorithm is a relatively suitable candidate for retrieving wind speed under severe weather conditions.
For the AMSR-E wind speed retrieval model, the effect of rain was determined using the AMSR-E rain rates from RSS. Table 4 shows the biases and RMS difference between the retrieved wind speeds and the corresponding H*wind analysis wind speeds as a function of the AMSR-E rain rate. In general, the retrieved wind speed underestimated wind speed when the rain rate was less than 14 mm/h. The wind speed retrieval errors increased with the increasing AMSR-E rain rate. 
Conclusions
In this study, two new brightness temperature increments were defined. One case study showed that the two brightness temperature increments were less sensitive to the rain than the observed C-band and X-band brightness temperature data. A new wind speed retrieval model was developed using the AMSR-E measurements.
Before developing the wind speed retrieval model, we need to estimate the calm ocean microwave emission at lower frequencies. Two typical permittivity models (Klein-Swift and Ellison) were tested to retrieve wind speeds inside hurricanes Frances (2004) and Rita (2005) . Comparison showed that the Klein-Swift model achieved better results for hurricanes Frances and Rita. Additionally, SST was one of the necessary input parameters for calculating the calm ocean microwave emission and had not been retrieved in the present algorithm. Therefore, we compared the calculation results using the Reynolds weekly analysis data to those using a fixed SST. Finally, we used a fixed SST (29 • C) in the wind speed retrieval models, even if it was slightly worse than the retrieval results using the Reynolds weekly analysis data.
We used the AMSR-E measurements of 12 category 3-5 hurricanes between 2003 and 2011 and the corresponding H*wind analysis data to develop and validate the AMSR-E wind speed retrieval model. The retrieval model showed an encouraging performance for retrieving wind speeds inside hurricanes when compared with the corresponding H*wind analysis data; the mean bias was −0.01 m/s, and the RMS difference was 2.66 m/s. Good agreement was found between them. The SFMR measurements were used to further validate the AMSR-E retrieved wind speeds; the mean bias was 0.49 m/s, and the RMS difference was 3.41 m/s. One case study showed that the AMSR-E-retrieved wind speeds clearly illustrated the intensification process of hurricane Bill on 19-21 August 2009.
The new wind speed retrieval model can be used to retrieve wind speeds inside hurricanes with an encouraging degree of accuracy, although we cannot expect the models to have the same accuracy as in rain-free cases.
